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THE EARTHQUAKE THREAT
The great earthquake (magnitude 8.5 on the Richter scale) that struck southern Alaska on March 27, 1964, showed how vulnerable the works of man are to the Earth's trembling's and provided a reminder of the potential for disaster that earthquakes pose for the heavily settled parts of the United States. An inkling of the destruction earthquakes can cause was given by the moderate-sized shock (magnitude 6.5) in San Fernando, Calif., on February 9, 1971, which caused more than 60 deaths and more than a half billion dollars in property damage. Figures 1 and 2 show examples of this damage.
More recently, on July 28, 1976, an earthquake of magnitude 8 struck northeastern China, resulting in enormous loss of life. Official FIGURE 1. House severely damaged by faulting during the San Fernando, Calif., earthquake in 1971. Woodenframe structures, such as this house, rarely collapse during earthquakes. Thus, they are relatively safe places to be during a shock. Photo by Robert O. Castle. counts of the casualties have never been announced, but one unconfirmed report puts the death toll at more than 600,000 people (Chinese Inf. Service, 1976) . Other earthquake disasters in 1976 took place in Guatemala, causing 23,000 deaths; in Italy, causing 1,000 deaths; in New Guinea, causing several hundred deaths; in Indonesia, causing 500 deaths; in the Philippine Islands, causing 5,000 to 8,000 deaths; and in Turkey, causing 5,000 deaths. All together these losses make 1976 the second worst year for earthquake deaths in history. The worst year was 1556, when many more than 800,000 died in China. The losses continued to mount in 1977 as the Romanian earthquake in February killed 1,500. Vivid news reports of these tragedies reminded Americans again and again of the threat of earthquake disasters in the United States. Thirty-nine of the States have experienced earthquake damage, and all States are threatened by the economic disruption that would result from a great earthquake. Past earthquake losses in the United States have been relatively light owing to fortuitous circumstances; fewer than 1,700 Americans have died. The potential exists though for great losses. A great earthquake in Los Angeles, for example, could result in more than 10,000 deaths and $20 billion in damage. Earthquakes in southeastern Missouri, such as those that took place in 1811 and 1812, would cause damage as far as 600 km away.
EARTHQUAKE PROGRAMS OF THE FEDERAL GOVERNMENT
Studies of earthquakes have been conducted in the United States since early in this century, largely in universities. The National Science Foundation (NSF) has supported earthquake research since it was established. Until the early 1960's, however, earthquake research in the United States was not conducted at a high level of effort despite noteworthy individual contributions.
In the early 1960's, the need to detect underground nuclear explosions and to distinguish them from earthquakes led to a rapid expansion in seismological studies under the sponsorship of the U.S. Defense Advanced Research Projects Agency (DARPA). During this period, the Worldwide Standardized Seismograph Network (WWSSN) was established. Today DARPA continues to support seismology, including further important improvements in instruments to monitor global seismic activity.
Research on measures to mitigate the disastrous effects of earthquakes in the United States, however, has lagged. Some of the many reports that proposed programs to expand the research effort are listed on p. 29. An expanded earthquake research program based on the U.S. Task Force on Earthquake Hazard Reduction (Office of Science and Technology, Executive Office of the President) report of 1970 was implemented following the San Fernando earthquake of 1971. Supporters of earthquake research in Congress, however, did not believe that the increased effort was adequate. Legislation to fund earthquake research was introduced in several sessions of Congress through the mid-1970's, but was not passed.
A sense of urgency in dealing with the United States earthquake threat was felt in early 1976 when it was discovered that the land surface over a large area northeast of Los Angeles had risen by as much as 45 cm between 1959 and 1974 (fig. 3 ). Such land uplift was viewed with concern because similar bulges formed before destructive quakes near Niigata, Japan, in 1964 and near San Fernando, Calif., in 1971 . The meaning of the uplift was obscure, however, because in some places, the formation of some bulges has not been followed by large tremors. In response to this potential threat, the National Science Foundation and the U.S. Geological Survey (USGS) reallocated about $2 million to support monitoring of the uplifted region. Since 1976, new instruments have been installed, and additional surveys have been undertaken.
ADMINISTRATION'S PROGRAM
Also in 1976, recognizing that the complex nature of the earthquake problem requires a blend of mitigation measures, the President's Science Advisor initiated a process to formulate a balanced plan of research for the two agencies of the Federal Government responsible for earthquake research: the U.S. Geol6gical Survey and the National Science Foundation. This effort culminated in the submission of a report on September 15, 1976 the so-called Newmark Report (U.S. Natl. Sci. Found., RANN, and U.S. Geological Survey, 1976 ) that proposed three options for increased studies and suggested balances among the various mitigation measures. Drawing upon the Newmark Report, the President sought funding in his FY (fiscal year) 78 budget at a level consistent with Option B of the report, the middle option.
HIGHLIGHTS OF THE NEWMARK REPORT
The Newmark Report: » Established a balance among the six elements of research on earthquake-hazards mitigation: fundamental studies, prediction, hazards assessment, induced seis-micity, engineering, and research for utilization. Emphasized the importance of research studies spanning the range from the most basic studies to the most applied ones. Identified milestones for the research and anticipated public benefits. Specified three options for increased funding, which are summarized in table 1.
CONGRESSIONAL PROGRAM
In parallel with the Administration's planning for an expanded earthquake program, the Congress took action on the legislation that had been pending for several years. It passed the Earthquake Hazards Reduction Act of 1977 (appendix),,and the President signed it into law on October 7, 1977. The Act calls for a program very similar in scope and level of effort to the Administration's plan. Thus, both branches of the Federal Government agreed on similar plans for attacking the problem.
HIGHLIGHTS OF THE EARTHQUAKE HAZARDS REDUCTION ACT OF 1977
The Earthquake Hazards Reduction Act of 1977:
Required the preparation of an Implementation Plan specifying mechanisms for carrying out the Earthquake Hazards Reduction Program.
Established the objectives and scope of studies to be conducted under the program. » Required submission by the President to Congress of an annual report describing progress in reducing the risks of earthquake hazards. (US. Natl. Sci. Found., RANN, and U.S. Geol. Survey, 1976) and the amounts authorized in the Earthquake Hazards Reduction Act (P.L. 95-124) In addition to the research programs of the USGS and the NSF under the Earthquake Hazards Reduction Program, and to the DARPA program for detection and discrimination of underground nuclear explosions, several other earthquake-related programs contribute substantially to the mitigation of earthquake hazards. The Reactor Hazards Research Program of the USGS and the Site Safety Research Program of the Nuclear Regulatory Commission (NRC) are of particular importance owing to their contributions to earthquake hazards assessment. The programs of the National Aeronautics and Space Administration (NASA) for long baseline geodetic positioning and of the National Oceanic and Atmospheric Administration/National Geodetic Survey (NOAA/NGS) for level and triangulation surveying contribute to studies of plate tectonics and prediction. Tsunami studies are conducted by NOAA and NSF. The various Federal construction agencies, such as the Army Corps of Engineers, Bureau of Reclamation, and Veterans Administration, conduct engineering design studies.
Coordination among these various programs is essential and has been accomplished effectively. A few specific examples will illustrate this point. All the agencies mentioned above have a liaison representative on the USGS Earthquake Studies Advisory Panel. NOAA and the USGS have a bilateral coordinating committee. USGS, NSF, and NRC grants and contracts managers participate in each others' evaluation meetings. Agencies transfer funds to other agencies to obtain needed expertise on mission programs. Overall, the level of cooperation is high.
THE EARTHQUAKE HAZARDS REDUCTION PROGRAM
The five basic strategies for mitigating earthquake losses are: (1) preparedness, (2) land use, (3) building codes, standards, and design practices, (4) insurance and relief, and (5) information and education. The research activities necessary to establish a basis for these strategies are grouped for programmatic purposes into six main elements: (1) fundamental studies, (2) prediction, (3) induced seismicity, (4) hazards assessment, (5) engineering, and (6) research for utilization. This terminology is used in the Newmark Report, it is used in the President's justification of his proposed FY 78 budget, and it is consistent with the terminology used in the Earthquake Hazards Reduction Act of 1977 (see appendix).
The responsibility for research on earthquake hazards reduction is divided between the USGS and the NSF. The USGS is responsible for prediction, induced seismicity, and hazards assessment; the NFS is responsible for engineering and research for utilization. The USGS and the NSF are jointly responsible for fundamental studies. Within the USGS, the responsibility for management of the Earthquake Hazards Reduction Program is assigned to the Office of Earthquake Studies in the Geologic Division (see organization chart inside back cover).
FUNDING IN FISCAL YEAR 1978
The budget requests to Congress by the USGS and the NSF in FY 1978 for the Earthquake Hazards Reduction Program were consistent with Option B of the Newmark Report. Congress modified the USGS requests for two of the elements: For prediction research, $1,500,000 was added to expedite earthquakeprediction studies in foreign countries, and for induced-seismicity research, $800,000 was added to accelerate the definition of criteria for the safe siting of dams.
The NSF budget process is different from that of the USGS in that funds for NSF are not actually appropriated by the Congress to particular fields of study. The combination of Congressional appropriation and internal NSF allocation resulted in funding for fundamental earthquake studies and engineering studies being consistent with the Option B level and in funding for research for utilization being $2.5 million below the Option B level. The funding of the elements of the Earthquake Hazards Reduction Program for fiscal year 1978 is summarized in table 2 and figure 4.
ROLE OF UNIVERSITIES, PRIVATE GROUPS, AND GOVERNMENT AGENCIES OTHER THAN THE USGS
Non-USGS scientists participate extensively in all stages, including formulation, planning, and implementation, of the Earthquake Hazards Reduction Program. The reports that established the basis for the program were prepared mainly by university scientists. The Advisory Panel that submitted the Newmark Report was composed of university, private, and State and local government experts. Formulation of program options and review of proposals involve these same experts. Finally, many of the studies are carried out by members of the non-USGS earthquake-research community.
Only by involving people from all segments of the earthquake-research community could a truly national program be established and conducted. The extent of this involvement is shown in figure 5 . 
RESEARCH ELEMENTS
In the following sections, the objectives, approach, and activities of the research elements of the Earthquake Hazards Reduction Program are described. For completeness, brief mention is made of the elements that are the responsibility of the NSF, but the focus is on the elements of USGS responsibility. The objectives are taken from the Newmark Report.
FUNDAMENTAL STUDIES
OBJECTIVES
Obtain a comprehensive understanding of the natural phenomena involved in the earthquake process. Improve global networks of seismograph stations to provide a sound data, base for studies in observational seismology and provide associated data services.
APPROACH
Much of the research to achieve the first objective is carried out in the universities and is funded by NSF. The USGS role in the fundamental-studies element is to achieve the second objective.
Progress in earthquake-hazards reduction must be founded on a sound understanding of the nature of earthquakes. Thus, the steady pursuit of knowledge is needed on a wide variety of subjects that may at first consideration appear to be esoteric, but that in fact establish the very basis for mitigation measures. These subjects include global seismicity, internal structure of the Earth, seismic-wave propagation, earthquake source mechanics, and plate tectonics.
MAJOR USGS ACTIVITIES
Provide information on earthquakes to the public, to governmental agencies involved in disaster preparedness and re- figure 6 . Provide data to the Tsunami Warning System operated by NOAA. With DARPA support, establish a global network of digital seismographs and associated data-collection and -analysis facilities. The locations of the digital stations are shown in figure 6 . Conduct research on global seismicity, internal structure of the Earth, seismicwave propagation, earthquake source mechanics, and plate tectonics.
PREDICTION OBJECTIVES
Predict moderate to large earthquakes in time and space and estimate limits of probabilities of their occurrence on the basis of detailed observation. Issue earthquake predictions, where possible, in a timely manner utilizing automated data-analysis systems.
Reduce unreliable predictions of earthquakes by working toward a sound understanding of the physical basis for the precursory phenomena observed.
APPROACH
Instruments and surveys to detect earthquake precursors are being markedly expanded, to provide an observational basis for laboratory and theoretical studies. The areas of greatest seismicity, both foreign and domestic, are the targets for the field studies to increase the chances of instruments being near the sources of future earthquakes. A focused program is underway to determine the physical properties of fault zones. This determination is considered to be essential for establishing a sound physical basis for prediction. Surveillance of the southern California uplift is continuing.
Research studies are being carried out jointly with universities, where considerable expertise for prediction was gained during the program to discriminate between earthquakes and underground nuclear explosions, and with other research groups. The allocation of funds to different types of prediction studies during fiscal year 1978 is shown in figure 7.
MAJOR ACTIVITIES
Operate instruments and conduct surveys to detect earthquake precursors, including anomalies in land deformation, seismicity, source characteristics, seismicwave propagation, electromagnetic field, geochemical phenomena, and animal behavior. Through drilling, geophysical surveys, and geologic studies, determine the physical properties of fault zones that affect the earthquake process. Analyze data, conduct laboratory experiments, and test theories to establish a physical basis for prediction. Conduct foreign studies to detect precursors and to benefit from foreign progress on prediction. Studies are planned or underway in the Caribbean, India, Mexico, New Hebrides, Pakistan, Republic of China (Taiwan), Turkey, and the U.S.S.R. Maintain close contact with foreign countries that are conducting research on earthquake prediction, including Japan, the U.S.S.R., the Peoples Republic of China, and New Zealand.
INDUCED SEISMICITY
OBJECTIVES
Devise techniques for diagnosing in advance whether reservoir impoundment or fluid injection in wells at a particular site holds the potential for triggering earthquakes. Devise techniques to permit safe operation of large reservoirs and deep injection wells including a basis for remedial action should earthquakes be triggered. Determine to what extent theories and models that are successful in explaining induced or triggered earthquakes apply to natural earthquake processes. Determine the feasibility of artificially modifying natural seismicity by measuring the physical properties of fault-zone materials in drill holes. Select a site for a field experiment. APPROACH An intensive examination is underway of reservoirs that have caused earthquakes and of those that have not. Critical factors will be sought that may establish a basis for selection of reservoir sites. In addition, a field experiment is being planned to determine the hydrologic and stress regimes at a reservoir that has caused earthquakes.
MAJOR ACTIVITIES
Study the historical record of reservoirinduced seismicity and determine geologic and hydrologic factors diagnostic of potential induced seismicity. Confirm the hypothesized role of fluid pressures in reservoir-induced seismicity by measuring relevant properties at depth near a reservoir that has caused earthquakes.
HAZARDS ASSESSMENT OBJECTIVES
Determine the expected location, size, frequency, and characteristics of earthquakes and of associated surface faulting for various regions of the United States. Acquire a physical basis for predicting the character of damaging ground motion as a function of distance from a postulated earthquake and varying geologic site conditions. Acquire a physical basis for predicting the incidence, nature, and extent of earthquake-induced ground failure and flooding. Delineate geographical variations in the nature and likelihood of occurrence of earthquake hazards. Evaluate earthquake risk (that is, make a hazard assessment and a vulnerability analysis) on a nationwide and regional basis.
APPROACH
Comprehensive geological and geophysical studies are being conducted to determine the location of potential earthquake hazards and to acquire a basis for estimating their likelihood of occurrence and possible effects. Research studies are being carried out jointly with universities, State geological surveys, and private organizations. Allocation of funds to national, regional, and topical studies in the USGS hazards-assessment program for fiscal year 1978 is shown in figure 8. Major related studies are being conducted under the Reactor Hazards Research Program of the USGS and the Site Safety Research Program of the NRC. The USGS and NRC programs are complementary and closely coordinated. Allocation of funds by geographic region for regional earthquake-hazards studies being supported by the USGS and NRC is shown in figure 9 . Research studies on tsunamis are funded primarily by NSF and NOAA.
MAJOR ACTIVITIES
Produce seismic-risk maps for the United States. figure 10 , and the consequence of such failure is shown in figure 11 .
ENGINEERING
OBJECTIVES
Devise methods to characterize the nature of the input motions and corresponding response of simple systems for use in engineering analysis, planning, and design. Obtain comprehensive data on the nature of strong earthquake motions at typical sites and in representative structures. Devise in situ and laboratory methods to determine the dynamic properties of soils and analytical procedures to determine potential for failure of slopes, embankments, and foundations. Devise procedures based on both numerical and experimental studies for analyzing and characterizing the earthquake response ,of structures and structural elements. Devise analytical methods to evaluate the earthquake response of extended structures such as dams and bridges and of in- terconnected systems such as pipelines and transmission lines. Obtain information from observations of damage (or lack of damage) following earthquakes to support improvement of engineering analyses, design practices, and construction techniques. Some examples of serious damages are shown in figures 12 and 13.
APPROACH
The NSF has responsibility for managing the engineering research element. Workshops concerning various earthquake engineering topics are being sponsored to assess the current state of knowledge and to define research priorities. Research studies are being carried out by universities, private organizations, and Federal agencies. Under NSF support, the USGS operates the national program to collect, process, and disseminate strong-motion data recorded in structures and on the ground.
RESEARCH FOR UTILIZATION
OBJECTIVES
Define options for the balance of measures to mitigate earthquake hazards by considering research, social, economic, legal, and political barriers and incentives to policy implementation. Assess the effects of public and private regulation and propose alternative regulations where necessary. Facilitate the beneficial utilization of earthquake-hazard mitigation measures by providing effective techniques for communicating information to the public and to decision makers. Increase the capability of public officials to mitigate earthquake hazards through land-use planning, preparedness planning, building regulation, and disaster response. Define alternatives the private sector could adopt for mitigating earthquake hazards.
APPROACH
The research for utilization element is the responsibility of NSF. The focus of this research is to prepare mechanisms and techniques for implementing the results of the research program. Each agency conducting research has responsibilities for facilitating research applications. To this end, the USGS has established a position of Deputy for Research Applications in the Office of Earthquake Studies; this official's specific task is to serve as a bridge between researchers and users.
PROJECTS, GRANTS, AND CONTRACTS FUNDED BY THE USGS
In this section, the studies that are being supported by FY 1978 USGS funds are listed. Both USGS projects and grants and contracts to non-USGS groups are included. The list includes fund commitments before March 1,1978. The name, address, and phone number of the principal investigator is included as a source for information about the study. The following outline shows the organization of the list of projects, grants, and contracts: 
II. EARTHQUAKE PREDICTION STUDIES II.A. LOCATION OF AREAS WHERE LARGE EARTHQUAKES ARE MOST LIKELY TO TAKE PLACE
III. INDUCED-SEISMICITY STUDIES
IV. STUDIES IN COMMON SUPPORT OF HAZARDS, PREDICTION, AND INDUCED-SEISMICITY ELEMENTS IV.A. SEISMICITY AND SEISMIC NETWORKS
REPORTS ON RESEARCH STUDIES FOR EARTHQUAKE-HAZARDS REDUCTION
tions in the private sector and governmental units at Federal, State, and local levels. The current capability to transfer knowledge and information to these sectors is insufficient. Improved mechanisms are needed to translate existing information and research findings into reasonable and usable specifications, criteria, and practices so that individuals, organizations, and governmental units may make informed decisions and take appropriate actions. (9) Severe earthquakes are a worldwide problem. Since damaging earthquakes occur infrequently in any one nation, international cooperation is desirable for mutual learning from limited experiences.
(10) An effective Federal program in earthquake hazards reduction will require input from and review by persons outside the Federal Government expert in the sciences of earthquake hazards reduction and in the practical application of earthquake hazards reduction measures.
SEC. 3. PURPOSE.
It is the purpose of the Congress in this Act to reduce the risks of life and property from future earthquakes in the United States through the establishment and maintenance of an effective earthquake hazards reduction program.
SEC. 4. DEFINITIONS.
As used in this Act, unless the context otherwise requires:
(1) The term ''includes'' and variants thereof should be read as if the phrase "but is not limited to" were also set forth.
(2) The term "program" means the earthquake hazards reduction program established under section 5.
(3) The term "seismic" and variants thereof mean having to do with, or caused by earthquakes.
(4) The term "State'' means each of the States of the United States, the District of Columbia, the Commonwealth of Puerto Rico, the Virgin Islands, Guam, American Samoa, the Commonwealth of the Mariana Islands, and any other territory or possession of the United States.
(5) The term "United States"1 means, when used in a geographical sense, all of the States as defined in section 4(4).
SEC. 5. NATIONAL EARTHQUAKE HAZARDS REDUCTION PROGRAM.
(a) ESTABLISHMENT. The President shall establish and maintain, in accordance with the provisions and policy of this Act, a coordinated earthquake hazards reduction program, which shall (1) be designed and administered to achieve the objectives set forth in subsection (c);
(<>) involve, where appropriate, each of the agencies listed in subsection (d) ; and (3) include each of the elements described in subsection (e), the implementation plan described in subsection (f), and the assistance to the States specified in subsection (g). (b) DUTIES. The President shall
(1) within 30 days after the date of enactment of this Act, designate the Federal department, agency, or entity responsible for the development of the implementation plan described in subsection (f);
(2) within 210 days after such date of enactment, submit to the appropriate authorizing committees of the Congress the implementation plan described in subsection (f); and (3) by rule, within 300 days after such date of enactment (A) designate the Federal department, agency, or interagency group which shall have primary responsibility for the development and implementation of the earthquake hazards reduction program; (B) assign and specify the role and responsibility of each appropriate Federal department, agency, and entity with respect to each object and element of the program; (C) establish goals, priorities, and target dates for implementation of the program; (D) provide a method for cooperation and coordination with, and assistance (to the extent of available resources) to, interested governmental entities in all States, particularly those containing areas of high or moderate seismic risk; and (E) provide for qualified staffing for the program and its components. (c) OBJECTIVES. The objectives of the earthquake hazards reduction program shall include
(1) the development of technologically and economically feasible design and construction methods and procedures to make new and existing structures, in areas of seismic risk, earthquake resistant, giving priority to the development of such methods and procedures for nuclear power generating plants, dams, hospitals, schools, public utilities, public safety structures, high occupancy buildings, and other structures which are especially needed in time of disaster;
(2) the implementation in all areas of high or moderate seismic risk, of a system (including personnel, technology, and procedures) for predicting damaging earthquakes and for identifying, evaluating, and accurately characterizing seismic hazards;
(3) the development, publication, and promotion, in conjunction with State and local officials and professional organizations, of model codes and other means to coordinate information about seismic risk with land-use policy decisions and building activity; (4) the development, in areas of seismic risk, of improved understanding of, and capability with respect to, earthquakerelated issues, including methods of controlling the risks from earthquakes, planning to prevent such risks, disseminating warnings of earthquakes, organizing emergency services, and planning for reconstruction and redevelopment after an earthquake; (5) the education of the public, including State and local officials, as to earthquake phenomena, the identification of locations and structures which are especially susceptible to earthquake damage, ways to reduce the adverse consequences of an earthquake, and related matters; (6) the development of research on (A) ways to increase the use of existing scientific and engineering knowledge to mitigate earthquake hazards; (B) the social, economic, legal, and political consequences of earthquake prediction; and (C) ways to assure the availability of earthquake insurance or some functional substitute; and (7) the development of basic and applied research leading to a better understanding of the control or alteration of seismic phenomena.
